Borrowing hydrogen methodology allows for the use of alcohols as alkylating agents for C-C bond forming processes offering significant environmental benefits over traditional approaches. Iridium(I)-cyclooctadiene complexes having a NHC ligand with a O-or Nfunctionalized wingtip efficiently catalysed the oxidation and β-alkylation of secondary alcohols with primary alcohols in the presence of base. The cationic complex [Ir(NCCH3)(cod)(MeIm(2-methoxybenzyl))][BF4] having a rigid O-functionalized wingtip shows the best catalyst performance in the dehydrogenation of benzyl alcohol in acetone, with an initial TOF0 of 1283 h -1 , and also in β-alkylation of 2-propanol with butan-1-ol which gives a 94% of conversion in 10 h with a selectivity of 99% in heptan-2-ol. We have investigated the full reaction mechanism including the dehydrogenation, cross-aldol condensation and hydrogenation steps by DFT calculations. Interestingly, these studies reveal also the participation of the iridium catalyst in the key step leading to the formation of the new C-C bond that involves the reaction of an Obound enolate generated in basic medium with the electrophilic aldehyde.
Introduction
Transition-metal catalysed dehydrogenative oxidation of alcohols to synthetically valuable carbonyl compounds constitutes a high atom efficiency synthetic method alternative to the use of stoichiometric oxidants. Dehydrogenation of alcohols (Oppenauer-type oxidation) can be efficiently accomplished by hydrogen transfer catalysts if suitable hydrogen acceptors, typically acetone or alkenes, are used. [1, 2] On the other hand, the oxidation of alcohols based on hydrogen transfer has also been applied to the formation of C-C and C-N bonds through the borrowing hydrogen methodology. Remarkably, the borrowing hydrogen approach is a tandem process that produces the in situ formation of alkenes or imines through nucleophilic addition to electrophilic carbonyl compounds derived from alcohols by hydrogen transfer oxidation. These are redox-neutral processes because the temporary removal of hydrogen by the transition metal catalyst is followed by the delivery to the unsaturated products leading to the formation of new C-C and C-N bonds by means of hydrogen transfer reactions (Scheme 1). The search for efficient hydrogen-borrowing catalysts [ 3 ] is very stimulating as these tandem strategies provide easy access to a wide range of highly valuable organic molecules while introducing environmental benefit with water as the only reaction by-product. In this context, the borrowing hydrogen methodology applied to the -alkylation of secondary alcohol with primary alcohols involves the formation of C-C bonds by activation of two alcohols in one reaction sequence (hydrogen autotransfer reactions).
[4] Related C-C bond forming processes based on the activation of alcohols using the borrowing hydrogen methodology are, for example, the -alkylation of carbonyl and related compounds, [5] the alkylation of active methylene compounds involving Knoevenagel-type transformations [ 6 ] or the condensation of primary alcohols (Guerbet condensation). [7] In addition, other processes based on the dehydrogenative coupling of alcohols have been also reported.
[8]
N-Heterocyclic carbenes (NHCs) have attracted increasing attention as ligands for homogeneous catalysis. NHCs have proven to be efficient ancillary ligands because of their strong coordination ability that imparts to the metal complexes an adequate balance between stability and activity. In addition, their remarkable tunable character allows for the control of the sterical and electronic properties of the metal centre.
[9] The easy access to a variety of NHC ligands from imidazolium salts [10] in combination with well-established methodologies for coordination, has led to the preparation of a range of transition metal complexes with different geometries and potential catalytic applications. [ 11 ] Iridium and ruthenium-NHC well-defined transition metal complexes have found application in catalytic oxidation of alcohols through dehydrogenation and hydrogen transfer processes, as well as in catalytic bond-forming reactions based on borrowing hydrogen methodology. The outstanding catalytic activity of complex [Cp*IrCl2]2 (Cp* = η 5 -C5Me5) in this type of processes [ 12 ] has led to the development of new Cp*Ir(III)-NHC catalyst precursors. Thus, modified Cp*-Ir(III) catalyst systems having pentamethylcyclopentadienyl-thetered NHC ligands, [13 ] bidentate pyrimidine-, [14 ] hydroxy-, ether-and alkoxide-functionalized [ 15 ] NHC ligands for transfer hydrogenation, β-alkylation of secondary alcohols with primary alcohols, and N-alkylation of amines with primary alcohols have been recently reported. Scheme 1. Borrowing hydrogen strategy for C-C and C-N bond formation (cat-H2 denotes the formal abstraction of two hydrogen atoms by the catalyst).
Our current interest is focused on the synthesis and catalytic applications of transition metal complexes containing heteroditopic ligands of hemilabile character. We have recently reported the high catalytic performance of (cod)-Ir(I) (cod = 1,5-cyclooctadiene) based catalyst having hemilabile O-and Ndonor functionalized NHC ligands in transfer hydrogenation. [16] We have found an interesting relationship between the donor function, the flexibility of the backbone and the length of the linker in the NHC ligands with the catalytic activity in transfer hydrogenation catalysis. In particular, the catalyst precursors based on O-donor functionalized NHC ligands were found to be much more active than the corresponding N-functionalized ligands. [14, 17, 18] The aim of this work is to assess the catalytic activity of selected iridium(I) catalyst precursors having a heteroditopic NHC ligand, but devoid of a cyclopendadienyl ligand, in thealkylation of secondary alcohol with primary alcohols. In view of the lack of mechanistic studies on this hydrogen autotransfer process, 19 the reaction mechanism has been investigated by DFT calculations. Remarkably, these studies have revealed the key role of the transition metal catalyst not only in the dehydrogenation and hydrogenation steps but also in the cross condensation step leading to the formation of the new C-C bond.
Results and Discussion
The Catalysts. We have recently reported on the catalytic activity of a series of neutral and cationic iridium(I) complexes based on hemilabile O-donor and N-donor functionalized NHC ligands in transfer hydrogenation of several unsaturated substrates as ketones, aldehydes, α,β-unsaturated ketones and imines in 2-propanol/KOH medium. [16] Interestingly, given the reversible nature of many hydrogen transfer processes, the oxidation of alcohols to carbonyl compounds might be also performed by hydrogen transfer catalysts helped by suitable hydrogen acceptors. We have observed that the donor function and flexibility of the backbone in the NHC ligands strongly influence the catalytic activity in transfer hydrogenation. Thus, a set of catalysts has been chosen in order to explore their performance in Oppenauer-type alcohol oxidation and related secondary alcohol β-alkylation reactions using the borrowing hydrogen methodology.
Chart 1. Neutral and cationic iridium(I) complexes with functionalized NHC ligands.
The iridium(I) complexes containing hemilabile O-and Ndonor functionalized NHC ligands were synthesized using the free NHC ligands generated in situ by deprotonation of the functionalized imidazolium salts [16, 20] by the methoxo ligands in the dinuclear complexes [{Ir(µ-OMe)(cod)}2]. This synthetic route provides access to neutral mononuclear complexes [IrX(cod)(MeIm∩Z)] (1-4, X = Cl or Br, ∩Z = 2-methoxyethyl, 2-methoxybenzyl, pyridin-2-ylmethyl and 3-dimethylaminopropyl) having uncoordinated O-and N-donor functions with different backbone flexibility. The cationic complexes [Ir(NCCH3)(cod)(MeIm∩Z)]BF4 (5-6, ∩Z = 2-methoxyethyl and 2-methoxybenzyl) containing O-functionalized NHC ligands have uncoordinated methoxy fragments due to the coordination of a labile acetonitrile ligand. In contrast, the cationic complexes having N-functionalized NHC ligands [Ir(cod)(MeIm∩Z)]BF4 (7-8, ∩Z = pyridin-2-ylmethyl and 3-dimethylaminopropyl) feature NHC ligands κ 2 -C,N coordinated (Chart 1).
The β-alkylation of secondary alcohols with primary alcohols is a tandem reaction in which both alcohols are converted into carbonyl compounds by the temporary removal of hydrogen. For this reason, the iridium catalysts have been tested in the oxidation of primary and secondary alcohols with the aim of establishing the optimal hydrogen borrowing reaction conditions.
Oppenauer-type Oxidation Catalysis: Preliminary Screening.
The neutral [IrBr(cod)(MeIm(2-methoxybenzyl))] (2) and cationic
(6) iridium complexes featuring a methoxy-functionalized NHC ligand with a rigid wingtip were found to be the most active catalysts in the transfer hydrogenation of ketones.
[16] Thus, both complexes have been tested as catalyst precursors for the dehydrogenation of primary and secondary alcohols (Oppenauer-type oxidation). The oxidation of benzyl alcohol and 1-phenylethanol to benzaldehyde and acetophenone, respectively, were chosen as model reactions to optimize the reaction conditions and to establish the basis for their application in hydrogen borrowing reactions. The catalytic reactions were performed in toluene at 110 ºC using different inorganic and organic bases. Standard catalyst loading 1 mol% with a catalyst:substrate:base ratio of 1:100:100 were routinely used. The conversion attained after 24h or the reaction time to get conversions over 90% (determined by GC using mesitylene as internal standard) using 2 as catalyst precursor, and the turnover frequencies (TOF0) calculated at initial time are shown in Table 1 . The catalytic systems with Cs2CO3 or KO t Bu are much more efficient for the dehydrogenation of benzyl alcohol than those based on NaOMe or KOH providing up to a 70% conversion in 24 h (entries 1-5). However, the widely used and less hygroscopic Cs2CO3 was selected as base. The temperature has a strong influence on the catalyst performance and a sharp decrease in the catalytic activity was observed when the temperature was lowered from 110 to 80 o C (entries 1 and 2).
The presence of hydrogen acceptors as 3,3-dimethyl-1-butene or benzylideneacetophenone in an equimolecular amount with the alcohol displaces the equilibrium to the production of benzaldehyde almost quantitatively with initial TOF0 of 350-550 h -1 (entries 6-8). The good conversions attained in the presence of an hydrogen acceptor allow shorter reaction times and milder reaction conditions (entry 8). Interestingly, the oxidation of benzyl alcohol in acetone as solvent at 40 o C for 8 h using KOH as base gave a 92% of conversion with the highest initial TOF0 of 894 h -1 (entry 9). Catalyst 2 was also efficient in the dehydrogenation of 1-phenylethanol using Cs2CO3 as base showing similar catalytic activities (entries [10] [11] [12] [13] .
The related cationic iridium [Ir(cod)(NCCH3)(MeIm(2-methoxybenzyl))][BF4] (6), which showed a higher catalytic activity in the transfer hydrogenation of cyclohexanone, has also shown to be an efficient catalyst for the dehydrogenation of benzyl alcohol exhibiting comparable catalytic activities to those attained with 2 under the same experimental conditions. However, complex 6 showed better performance than 2 in the hydrogen transfer oxidation of benzyl alcohol in acetone using KOH as base providing a conversion of 91% in 6 h with an initial TOF0 of 1283 h -1 . Most of the reported studies on transition metal catalysed hydrogen transfer oxidation of alcohols have mainly been performed on secondary alcohols [21] and relatively few examples of the oxidation of primary alcohols affording aldehydes have been described. [ 22 ] Interestingly, the dinuclear Ir(III) complex
[Cp*IrCl2]2 has revealed as an efficient catalyst for the oxidation of both primary and secondary benzylic alcohols, which contrast with the inactivity of the dinuclear complex [Ir(µ-Cl(cod)]2. [12, 23] In particular, a conversion of 86% in the oxidation of benzyl alcohol in acetone as solvent at room temperature was attained with [Cp*IrCl2]2 after 6 h. On the other hand, related iridium(III) complexes bearing amino-functionalized Cp* or NHC ligands are much more efficient catalyst precursors in the Oppenauer-type oxidation of alcohols reaching an average TOF of 242 in the oxidation of 1-phenylethanol without any base additive. [23a] Certainly, the electronic and steric properties of the Cp* and NHC ligands in combination with the basic properties of the substituent account for the high catalytic activities.
[23]
The oxidation of 1-phenylethanol to acetophenone catalysed by [Ir(NCCH3)(cod)(MeIm(2-methoxybenzyl))][BF4] (6) was monitored by 1 H NMR (acetone-d6 at 40 ºC). The reaction prolife obtained from a catalytic test at 10 mol% catalyst loading using a catalyst/1-phenylethanol/Cs2CO3 ratio of 1/10/10 is shown in Figure 1 . As can be observed, no apparent induction period was detected and quantitative conversion was attained in 2 hours. In general, the reaction profile resembles those obtained in the ketone reduction by transfer hydrogenation catalysed by 6, [16] and in consequence, a pseudo-first-order kinetic behaviour can be inferred. The partially deuterated 2-propanol formed by reduction of the hydrogen acceptor (acetone-d6) was observed at δ 1.17 ppm. Interestingly, when the oxidation reaction was performed in toluene-d8 at 110 ºC without any hydrogen acceptor molecular hydrogen was detected at δ 4.19 ppm. It has been proposed that key intermediates in the Oppenauer-type oxidation of alcohols are metal-alkoxide species that evolve to iridium-hydrides [12a] or rutheniumhydrides [ 26 ] as active species. In this regard, it is worth mentioning that this transformation is also a key step in the redox isomerization of allylic alcohols and the racemization of secondary alcohols catalysed by ruthenium ciclopentadienyl complexes. 27 In fact, we have identified by NMR and MS the relevant alkoxo intermediates [Ir(OR)(cod)(MeIm∩Z)] and the unsaturated hydride species [IrH(cod)(MeIm∩Z)] (∩Z = 2-methoxybenzyl) involved in the transfer hydrogenation of unsaturated substrates in 2-propanol/KOH catalysed by iridium(I) complexes having hemilabile O-and N-donor functionalized NHC ligands. 16a Interestingly, DFT calculations have allowed to identify an interaction between the β-H on the alkoxo ligand and the methoxy fragment of the NHC ligand, which results in a net destabilization of the alkoxo intermediate, thereby facilitating the β-H elimination step, leading to the hydride intermediate. [16a] Thus, considering the reversibility of both hydrogen transfer processes is likely that the Oppenauertype oxidation of alcohols proceeds through the closely related mechanism shown in Figure 2 . First, an iridium alkoxo species is generated from 2 and the alcohol in the presence of the base. Then, β-H elimination yields the neutral hydride intermediate and the carbonyl compound (ketone from secondary alcohols or aldehyde from primary alcohols). At this point, in the absence of a hydrogen acceptor, alcoholysis produces H2(g) and the regeneration of the iridium alkoxo species (outer cycle in Figure 2 ). However, in the presence of a suitable hydrogen acceptor as acetone, the insertion into the Ir-H bond followed by alkoxide exchange proceeds to regenerate the iridium alkoxo species with release of 2-propanol, the reduced form of the acceptor (main cycle in Figure 2 ). 
β-Alkylation of Alcohols Catalysed by Iridium Complexes with O/N-donor functionalized NHC Ligands.
The β-alkylation of secondary alcohols with primary alcohols is a tandem reaction 28 that proceeds via successive hydrogen transfer oxidation of the secondary and primary alcohols (borrowing hydrogen) to give a ketone and an aldehyde, respectively, followed by cross-aldol condensation mediated by base to afford a α, β-unsaturated ketone (and water) which is reduced by transfer hydrogenation to the β-alkylated alcohol (A) through the saturated ketone product (B) (Scheme 2). Several iridium complexes including Cp* [12, 23, 29] , terpyridine [30] or pyrimidine [14] as ligands have been reported to catalyze this reaction.
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Scheme 2. β-alkylation of secondary alcohols with primary alcohols catalysed by iridium complexes.
A preliminary screening of the catalytic performance of [IrBr(cod)(MeIm(2-methoxybenzyl))] (2) in the β-alkylation alcohols was carried out in order to determine the influence of key reaction parameters (base, solvent and temperature) on the catalytic activity. The β-alkylation of 1-phenylethanol with benzyl alcohol was selected as model reaction. The reactions were performed at 1 mol% catalyst loading for 3 hours under the optimized catalytic conditions of temperature (110 ºC) and solvent (0.3 mL toluene) found for the catalytic system [Cp*IrCl2]2/NaO t Bu.
[12d] using a 20 mol% excess of benzyl alcohol, and the results are summarized in Table 2 .
[12d] It worth noting that the selectivity is not significantly affected by the benzyl alcohol/1-phenylethanol ratio, however the reactions are somewhat faster when using a moderate excess of primary alcohol. [a] Reaction conditions: catalyst (0.03 mmol, 1 mol%), 1-phenylethanol (3 mmol), benzyl alcohol (3.6 mmol) and base (3 mmol) in toluene (0.3 mL) at 110 o C unless otherwise stated, 3 h. [b] Determined by GC analysis based on the secondary alcohol using mesitylene as internal standard.. [c] No catalyst.
[d] Product = (PhCH2)2O, 24 h of reaction.
The β-alkylation of 1-phenylethanol catalysed by 2 under the standard conditions using Cs2CO3 as base (1:100 ratio) gave a 68% conversion of benzyl alcohol (entry 1). The conversion drastically dropped when the reaction was conducted with a catalyst/base ratio of 1:50. However, a higher ratio of 1:150 produces no significant increase of the conversion (entries 2 and 3). Thus, the optimum catalyst/base ratio of 1:100 was used in the following experiments.
The β-alkylation reaction proceeds to a much higher conversion with the base Cs2CO3 than with K2CO3 (entries 1 and 4). Stronger bases as KOH or KHMDS (entries 5 and 6) were less effective than Cs2CO3 while KO t Bu (entry 8) gave a similar conversion. However, a weaker base as NaHCO3 was completely inefficient (entry 7). As it could be expected, only a marginal conversion was attained without the iridium catalyst (entry 9). The β-alkylation reactions gave the β-alkylated alcohol with moderate selectivity because the half-reduced ketone product was produced to some extent. Thus, the highest 1,3-diphenylpropan-1-ol/1,3-dipheynlpropan-1-one ratio (A/B) was attained when using Cs2CO3 as base (71:29, entry 1). The temperature strongly influences the catalytic activity. Although the catalytic performance was only slightly improved at 130 ºC, both conversion and selectivity dropped when the reaction was carried out at 90 ºC (entries 10 and 11). Also, reducing the concentration by increasing the volume of toluene (1 mL) gave moderate conversion while maintaining the selectivity (entry 12) which is in accordance with the observations made by Yamaguchi in the [Cp*IrCl2]2 catalysed alkylation of 1-phenylethanol with 1-butanol, although a selectivity decrease was also observed in this system. [23] Benzyl alcohol can also be used as solvent giving a similar conversion but with concomitant formation of a 5% dibenzylether [32] (entry 13). When the catalytic reaction was carried out in benzyl alcohol under more diluted conditions (1 mL) full conversion to dibenzylether was achieved in 24 h (entry 14). Finally, the catalytic β-alkylation reaction can be carried out without solvent although with lower conversions (entry 15). On the basis of the above results, the iridium(I) catalysts featuring different O/N-donor functionalized N-heterocyclic carbene ligands were evaluated for the β-alkylation of 1-phenylethanol with benzyl alcohol under the optimized catalytic conditions: 1 mol% catalyst loading using Cs2CO3 as base (catalyst/base ratio of 1:100) in toluene (3 mL) at 110 ºC. The reaction time required to reach conversions over 90% and the attained selectivities are summarized in Table 3 . at 110 o C for 3 h. [b] Determined by GC analysis based on the secondary alcohol using mesitylene as internal standard.
The iridium(I) complexes having functionalized-NHC ligands 1-8 were found to be moderately active in the β-alkylation of 1-phenylethanol with benzyl alcohol. In general, 1-phenylethanol conversions over 90% were attained in 7-13 h with selectivities in 1,3-diphenylpropan-1-ol higher than 75%. The cationic compound [Ir(cod)(NCCH3)(MeIm(2-methoxybenzyl))][BF4] (6), having a NHC ligand with a rigid O-functionalized wingtip, is the more active in the series, with 93% of conversions in 7 h, and also the more selective, with 86% of 1,3-diphenylpropan-1-ol (entry 6). In general, the catalyst precursors having Nfunctionalized NHC ligands are less active than those containing O-functionalized NHC ligands. It is worth mentioning that a similar trend had already been observed for hydrogen transfer reduction of unsaturated substrates. However, the catalytic activity of the precursors having a pyridin-2-ylmethyl wingtip, 3 and 7, is remarkable because is only slightly lower than that of precursors 1 and 5 having a 2-methoxyethyl substituent. The neutral complex [IrBr(cod)(MeIm(2-methoxybenzyl))] (2) also showed notable catalytic activity reaching a 92% of conversion in 6 h, although with lower selectivity than 6, underlining the positive effect of the rigid 2-methoxybenzyl wingtip on the catalytic activity. It is noteworthy that the catalytic performance of related iridium(I) complexes [IrCl(cod)(IMe)] (9) and [IrCl(cod)(IPr)] (10), with small and big alkyl/aryl substituents, but lacking a functionalized NHC ligand, is inferior both in terms of activity and selectivity under the same catalytic conditions (entries 9 and 10).
A range of secondary and primary alcohols were selected to determine the substrate scope under the optimized conditions using the more efficient catalyst precursors [IrBr(cod)(MeIm(2-methoxybenzyl))]
(2) and [Ir(NCCH3)(cod)(MeIm(2-methoxybenzyl))][BF4] (6) both with the rigid O-functionalized wingtip in the NHC ligand (Table 4) .
The β-alkylation of 1-phenylethanol proceeds efficiently with different para-substituted benzyl alcohols regardless of the electronic character of the substituent. The cationic catalyst precursor 6 was somewhat more active than the neutral 2 also providing a higher selectivity to 1,3-diphenylpropan-1-ol. Conversions over 90% were typically reached after 7-9 h (entries 1-7). Interestingly, almost complete selectivity in the β-alkylated alcohol product was attained when using catalyst precursor 2 increasing the catalyst/base ratio to 1:150 (entry 2).
Straight chain alcohols, butan-1-ol and 3-phenylpropan-1-ol, were also efficient as alkylating agents although at slightly slower rates with lower selectivities (entries 8-12). Interestingly no self-condensation products were observed in any case. As it was observed before, catalyst precursor 2 allows increasing the selectivity in 1-phenylhexan-1-ol from 58 to 98% when using a catalyst/base ratio of 1:150 (entries 10 and 11). alcohol/Cs2CO3 ratio of 1/100/100 and primary alcohol (3.6 mmol), in toluene (0.3 mL) at 110 o C for 3 h. [b] Determined by GC analysis based on the secondary alcohol using mesitylene as internal standard. [c] catalyst:base ratio of 1:150.
[d] Isolated yield of the β-alkylated alcohol product A.
The β-alkylation of 1-phenyl-1-propanol with benzyl alcohol proceeds at lower rate compared to 1-phenylethanol exhibiting also lower selectivity (entries 1 and 13). The electronic effects on the secondary alcohol have been also studied. Thus, the presence of electron-withdrawing group affects negatively both at the activity and the selectivity as can be seen in the β-alkylation of 1-(4-bromophenyl)ethanol with benzyl alcohol (entries 1 and 14). However, electron-donating groups have a positive influence and 1-(4-methylphenyl)ethanol was efficiently alkylated in 12 h with complete selectivity without adding additional base (entries 1 and 15).
Propan-2-ol was also successfully alkylated by benzyl alcohol and butan-1-ol derivatives although with moderate selectivities (Table 4 , entries 16-21). Again, a notable selectivity improvement was observed when the amount of Cs2CO3 was raised until 150 mol%. Under these conditions, the β-alkylation of 2-propanol with butan-1-ol catalysed by 6 gave a 94% of conversion in 10 h with a selectivity of 99% in heptan-2-ol (entry 22). A similar reactivity trend was observed in the β-alkylation of 4-phenylbutan-2-ol. Thus, benzyl alcohol derivatives reacted faster than straight chain alcohols with selectivities around 65% in both cases (entries 23-29) . Notably, the increase of the amount of Cs2CO3 to 150 mol% allowed to reach a 98% of selectivity in 1-phenyloctan-3-ol (entry 29).
The β-alkylated alcohols from the catalytic runs giving a high selectivity (Table 4 , entries 2, 11, 22 and 29, respectively) have been isolated as colorless oils in 70-85 % yields after purification by chromatography column (see Supporting Information).
The β-alkylation of 1-phenylethanol with benzyl alcohol catalysed by 2 in toluene-d8 at 80 o C using KHMDS as base was monitored by 1 H NMR. As can be seen in the conversion vs time plots, both products, 1,3-diphenylpropan-1-ol (A) and 1,3-diphenylpropan-1-one (B), were formed immediately after thermal equilibration of the reaction mixture with no apparent induction period (Figure 3) . Interestingly, accumulation of the half-reduced ketone product B was observed during the first 2h of reaction which suggests that the reduction of B is slower than the reduction of the α,β-unsaturated ketone product resultant from the cross-condensation process, which was no detected under these experimental conditions (Scheme 2). On the other hand, the reaction profile also justifies the low selectivity observed in the tandem reaction at short reaction times and the positive influence of an excess of base on the selectivity, since quantitative conversion and complete selectivity to A was achieved in less than 6 h using a catalyst/1-phenylethanol/KHMDS ratio of 1/10/15. Mechanistic Studies. The mechanism of the transitionmetal catalysed β-alkylation of secondary alcohols with primary alcohols combines the hydrogen transfer oxidation of both alcohols with the reduction of the resulting unsaturated product (Scheme 2). In the catalytic cycle, the hydrogen atom of the substrate is transferred to a metal catalyst generating a transient metal hydride species which is delivered to the unsaturated species after the C-C bond formation giving back the metal catalyst (borrowing hydrogen or hydrogen autotransfer). Thus, the metal-catalysed hydrogen transfer process plays a fundamental role in the overall catalytic cycle.
Late transition-metal catalysed transfer hydrogenation of unsaturated substrates can proceed by an inner-sphere pathway through both monohydride or dihydride intermediate species.
However, in the case of Ir(I) complexes, the monohydride mechanism seems to be operative. [33] In fact, we were able to identify the hydrido intermediate [IrH(cod)(MeIm(2-methoxybenzyl))] in the transfer hydrogenation of unsaturated substrates in 2-propanol/KOH under catalytic conditions. It is thus likely that this species is also key in the borrowing hydrogen β-alkylation process. Furthermore, when solutions of complexes 2 or 6 in toluene-d8 were heated in presence of benzyl alcohol in basic medium (KHMDS) at 110 o C for 2 min the formation of molecular hydrogen was detected at 4.48 ppm. [24] Interestingly, neither cyclooctene nor cyclooctane, the reduction products of the diene ligand, were detected which strongly support the participation "Ir(cod)" species as intermediates.
In order to ascertain the possible involvement of the transition metal catalyst also in the cross-aldol condensation step leading to the formation of the new C-C bond, some catalytic test reactions were carried out. Reaction of 1-phenylethanol and benzaldehyde in the presence of 2 under the standard catalytic conditions (1 mol% 2, 100% Cs2CO3, 110 ºC, 0.3 mL toluene) for 9 h gave a mixture of products containing 13% of 1,3-diphenylpropan-1-ol (A), 75% of 1,3-diphenylpropan-1-one (B) and 12% of 1,3-diphenyl-2-propen-1-one (chalcone) (GC analysis, 95% conversion of 1-phenylethanol, Scheme 3a). Interestingly, the reaction of acetophenone with benzyl alcohol under the same experimental conditions gave a similar mixture. The large amount of the saturated ketone, 1,3-diphenylpropan-1-one, and the presence α,β-unsaturated ketone, never detected in the catalytic reactions, is in agreement with the deficit in reduction equivalents due to the presence of a carbonyl compound as partner. Both catalytic tests reinforce the participation of transfer hydrogenation processes from the alcohols to the unsaturated condensation products. A notable finding was that a 100% of conversion to chalcone, the cross-aldol condensation product, was attained in the reaction of acetophenone with benzaldehyde in the presence of 2 under the standard catalytic conditions in only 5 h, Scheme 3b. In sharp contrast, when the reaction was conducted without catalyst 2 the aldol condensation reaction proceeds at lower rate, with only a 55% of acetophenone conversion after 24h of reaction. GC/MS analysis of the reaction mixture showed the expected condensation product chalcone in 82%, but also the products of the base-induced disproportionation of benzaldehyde (Cannizzaro reaction) and traces of the product (E)-1,3-diphenylbut-2-en-1-one, resulting from self-condensation of the ketone. Both facts stongly support the participation of the iridium catalyst in the cross-aldol condensation reaction.
Enolate species are key building blocks in synthetic organic chemistry for the formation of new carbon-carbon and carbonheteroatom bonds. [ 34 ] Nowadays, the chemistry and reaction mechanisms involving enolates have been established, specially those focused on C-C bond-formation reactions, such as aldol condensations. [35] The cross-aldol condensation is driven by the nucleophilic attack of the enolate generated under basic conditions to the electrophile aldehyde to form a β-hidroxyketone (Figure 4) . In general, it is widely accepted that the simultaneous coordination of the enolate and the electrophilic carbonyl compound to metal centre is required to enhance both the reactivity and stereoselectivity.
[36] However, in the present case the participation of pentacoordinated iridium species of the type [Ir(cod)(MeImZ)(enolate)(aldehyde)] is unlikely. In this context, it is worth of noting the rich chemistry of the square planar complex [Ni(CH3)(OC(=CH2)Ph)(dippe)] having a acetophenone enolate ligand. [37] Mechanism The β-alkylation model process requires the previous oxidation of benzyl alcohol to benzaldehyde and phenylethanol to acetophenone by coordination of the respective alkoxides to the NHC catalyst. The oxidation processes are almost thermoneutral (ca. −2 kcal/mol for the formation of acetophenone and ca. +2 kcal/mol for the formation of benzaldehyde), and they proceed with a similar activation energy of ~25 kcal/mol. (Figure 5 ). The resulting square planar hydrido complex 11 will react later in the hydrogenation processes of the α,β-unsaturated ketone intermediates which will lead to the final alcohol products.
As it was shown above, the experimental evidence suggests that the cross-aldol condensation process occurs in the coordination sphere of the iridium centre. Either the alkoxo complexes [Ir(OR)(cod)(IMe)] (12) or the starting halo-complex [IrBr(cod)(IMe)] (13) can coordinate acetophenone or its enolate affording 14. Formation of the unsaturated ketone can occur via attack of benzaldehyde on the β-C atom of the O-bound enolate ligand with an activation energy of ~23 kcal/mol (TS14-15, Figure  6 ). TS14-15 has been located by the study of the reverse process starting form 15. IRC calculations show the connection of this TS with both 15 and the O-bound enolate 14. In this context, theoretical 38 and experimental 39 studies have shown the distinctive reactivity, in the aldol reaction, of O-bound enolates compared to their possible C-bound counterparts. Noteworthy, in this reaction both intervening O atoms switch its role as donor atom. The O atom of the benzaldehyde molecule ends as an alkoxo group coordinated to the metal atom, while the O atom of the enolate ligand is released from the coordination sphere. The resulting alkoxo-ketone ligand in complex 15 is de-coordinated via alcoholysis. The subsequent hydroxo-ketone is unstable under the reaction condition and eventually dehydrates to the α,β-unsaturated ketone. [ 40 ] The energy profile for the formation of 3-hydroxy-1,3-diphenylpropan-1-one described in the Figure 5 is presented in Figure 7 .
The possible role of the substituent on the NHC ligand in this step has been further studied by including -CH2-(C6H4)-OCH3 group and re-optimizing the TS14-15 transition structure. Two orientations of the substituent on this full model are possible depending on its position relative to the iridium coordination plane. The two possible transition structures have been found and they differ in less than 0.4 kcal/mol (see Supporting Information). Both transition structures have confirmed by checking their connection to the reaction extrema by IRC calculations. The activation energies are 22.9 and 23.2 kcal/mol and they are almost identical to that found for the simple model used in the study of the full cycle. This suggests that the role of the substituent on the NHC ligand is almost negligible in this step and it must be involved with the alcohol oxidation process, as previously reported by us, 16a which is in full agreement with the experimental results shown in Table 3 (entries 2 and 6 vs 9). The hydrogenation of the α,β-unsaturated ketone starts by its coordination to the hydride complex 11, which is formed in the alcohol oxidation processes ( Figure 5 ). It is an endothermic process leading to a pentacoordinated intermediate with square pyramidal coordination geometry. Five possible isomers are possible by coordination through the keto group or the alkene bond. Coordination through the carbonyl group would result in the hydrogenation of the C=O bond leading to an alkoxo-alkene ligand. However, the η 2 -ketone bound complex is 13.5 kcal/mol above the most stable isomer where the ligand is π coordinated through the C=C bond and the insertion process into the Ir-H bond requires an activation energy of 11.8 kcal/mol. This pathway represents a total energy of 25.3 kcal/mol above the most stable isomer and around 14 kcal/mol over the most accessible alternative transition state. Thus, this is a high-energy process that can be discarded as a productive pathway. The four remaining isomers correspond to the coordination of the olefinic bond by the two faces and in two possible orientations relative to the hydrido ligand, which occupies the apical vertex of an idealized square pyramid coordination polyhedron 16. All of them show the C=C bond coordinated at the basal plane with a disposition approximately coplanar with Ir-H bond. The four isomers are of similar energy with just a mere difference of 3.3 kcal/mol between the most stable and the one of highest energy. Those coordination modes which the olefin insertion results in the hydride transfer to the Cβ with formation of 17 with an α-alkyl ketone ligand show the lowest activation requirements either relative to the corresponding isomer (TS16-17 at ~11 kcal/mol vs. 17-18 kcal/mol for the hydride transfer to the Cα) or relative to the most stable one. Accordingly, the olefin insertion leading to a Cβ-H bond is kinetically favoured. The resulting α-alkyl ketone complex releases the ketone by alcoholysis, and the alkoxo complex formed re-enters then into the oxidation cycle, where the starting hydrido complex 11 is regenerated (Figures 8 and 9 , cycle 1).
The resulting ketone is eventually hydrogenated to its alcohol by the hydrido complex 11. Coordination of the 1,3-diphenyl-propan-1-one to 11 is an endothermic process as the pentacoordinated intermediate 18 is 30.1 kcal/mol above the reactants. The subsequent insertion process requires an activation energy of 6.7 kcal/mol through transition state TS18-19 to eventually release 1,3-di-phenyl-propan-1-ol by alcoholysis which forms an alkoxo complex which turns back into the alcohol oxidation cycle (Figures 8 and 9 , cycle 2). The energy profile shown in Figure 9 is in full agreement with the experimental observations. The α,β-unsaturated ketone condensation product has never been observed because of the accessible energy barrier for the reduction of the C=C bond. However, the half-reduced 1,3-diphenylpropan-1-one product is accumulated due to the higher energy barrier for the reduction of the C=O bond. Interestingly, complete selectivity to 1,3-diphenylpropan-1-ol can be achieved at longer reaction times or using an excess of base. On the other hand, the involvement of the iridium catalyst in the cross-aldol condensation process results in the complete selectivity to the unsaturated ketone 1,3-diphenyl-2-propen-1-one product likely due the enhancement nucleophilic character of the enolate by coordination to the iridium centre. As a consequence, the attack of the β-C atom of the activated O-bound enolate to benzaldehyde is facilitated which results in the selective formation of the key alkoxo-ketone species ( Figure 5 ). Finally, it should be noted that the hydrido iridium species [IrH(cod)(NHC)] (11), which is generated in the oxidation of both alcohols, is the responsible for the reduction of α,β-unsaturated ketone condensation product. Thus, extra addition of hydrogen donor and acceptor are not required what makes this base-dependent catalytic system a highly atomeconomic process with H2O as only reaction by-product. Finally, it is worth mentioning that the results described herein are in sharp contrast with those previously reported by Grée and co-workers on the tandem isomerization-aldolization reaction between allylic alcohols and aldehydes 41 mediated by and iron catalyst. It has been shown that the role of the iron catalysts is to promote the allylic alcohol to enol isomerization affording the free enol, which adds to the aldehyde in a carbonyl-ene type reaction. 42 Thus, the aldol product is formed by reaction between the aldehyde and the free enol outside the coordination sphere of the metal centre.
Conclusions
Iridium(I)-cyclooctadiene complexes having a NHC ligand with a O-or N-functionalized wingtip have shown to be efficient precatalysts for the Oppenauer-type oxidation of alcohols and the β-alkylation of secondary alcohols with primary alcohols. The catalyst precursors having a NHC ligand with a 2-methoxybenzyl wingtip efficiently catalysed the coupling of a range of secondary alcohols with several para-substituted benzyl and straight chain primary alcohols, in the presence of base, to produce the corresponding β-alkylated alcohols with moderate selectivity. Interestingly, complete selectivity can be achieved if a larger excess of base is used. Experimental mechanistic studies on this hydrogen autotransfer process suggest the participation of the iridium catalyst in the cross-aldol condensation reaction leading to the α,β-unsaturated ketone product. A theoretical study of the full reaction mechanism, including both the dehydrogenation, condensation and hydrogenation steps, has been carried out. DFT calculations have revealed that the key step leading to the formation of the new C-C bond proceeds through a square-planar intermediate having an O-bound enolate, generated in basic medium, which reacts with the electrophilic aldehyde to form a β-alkoxoketone which is shifted out of the metal coordination sphere by alcoholysis and dehydrated in the reaction conditions to the α,β-unsaturated ketone. On the other hand, it has been found that the substituent on the NHC ligand has an almost negligible influence in this step although a significant influence in the alcohol oxidation process has been identified.
Experimental Section Oppenauer-type oxidation of alcohols:
The catalytic oxidation reactions were carried out under an argon atmosphere in thick glass reaction tubes fitted with a greaseless highvacuum stopcock. In a typical experiment, the reactor was charged with a solution of the substrate (3 mmol) in toluene (0.3 mL), internal standard (mesitylene, 70 µL, 0.50 mmol), hydrogen acceptor (3 mmol), base (3 mmol) and the catalyst (0.03 mmol, 1 mol%). The resulting mixture was stirred at room temperature until complete solution of the catalyst and then placed in a thermostatized oil bath at the required temperature, typically 110 ºC. Conversions were determined by Gas Chromatography analysis under the following conditions: column temperature 80 ºC (2 min) to 220 ºC at 10 ºC/min at flow rate of 1 mL/min using ultra pure He as carrier gas.
β-alkylation of secondary alcohols with primary alcohols:
The catalytic β-alkylation of alcohols reactions were carried out under an argon atmosphere in thick glass reaction tubes fitted with a greaseless high-vacuum stopcock. In a typical experiment, the reactor was charged with a solution of the primary alcohol (3.6 mmol) and the secondary alcohol (3 mmol) in toluene (0.3 mL), internal standard (mesitylene, 70 µL, 0.5 mmol), base (Cs2CO3, 3 mmol) and the catalyst (0.03 mmol, 1 mol%). The resulting mixture was stirred at room temperature until complete solution of the catalyst and then placed in a thermostatized oil bath at the required temperature, typically 110 ºC. Conversions were determined by Gas Chromatography analysis under the following conditions: column temperature 80 ºC (2 min) to 220 ºC at 10 ºC/min at flow rate of 1 mL/min using ultra pure He as carrier gas.
The reaction mixture was cooled to room temperature and the solution passed through a short alumina column in order to remove the catalyst. The toluene solution was concentrated to 3 ml and then eluted through a silica gel column using ethyl acetate/hexane (1:15) as eluent. NMR spectroscopic data for the β-alkylated alcohol products are given in the Supporting Information.
Monitoring of the oxidation of 1-phenylethanol catalysed by 6:
To a solution of [Ir(NCCH3)(cod)(MeIm∩Z)]BF4 (6, ∩Z = 2-methoxybenzyl) (18 mg, 0.030 mmol) and Cs2CO3 (98 mg, 0.30 mmol) in acetone-d6 (0.5 mL, NMR tube) was added 1-phenylethanol (36 µL, 0.30 mmol). The solution was monitored by NMR at 40 o C. The conversion of 1-phenylethanol to acetophenone was quantified by integration of the 1 H NMR spectrum.
Monitoring of the β-alkylation of 1-phenylethanol with benzyl alcohol catalysed by 2:
To a solution of [[IrBr(cod) (MeImR] (2, R = 2-methoxybenzyl) (17 mg, 0.030 mmol) and potassium hexamethyldisilazide (KHMDS) (89 mg, 0.45 mmol) in toluene-d8 (0.5 mL, NMR tube) were added sequentially 1-phenylethanol (36 µL, 0.30 mmol) and benzyl alcohol (37 µL, 0.36 mmol). The solution was monitored by NMR at 80 o C. The conversion of 1-phenylethanol to 1,3-diphenyl-1-propanol and 1,3-diphenyl-1-propanone was quantified by integration of the 1 H NMR spectrum.
Calculation details:
DFT calculations have been carried out with Gaussian 09 [43] using the B3PW91 functional with a 6-31G** basis set for all atoms but Ir where the LANL2DZ basis set and pseudopotential has been used supplemented with an additional f function. [44] All the minima have been characterized by frequency calculation. Additionally the transition structures have been checked by examining visually the imaginary frequency and by IRC calculations. The structure in Figure 6 has been depicted using CYLview. 1.0b. [45] 
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